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Abstract.-A brief review of high frequency phonon transport experiments in dielectric solids is presented. A major emphasis of this paper is on recent time of flight experiments on the generation and propagation of near zone-edge transverse acoustic phonon pulses in 111-V semiconductors such as GaAs. The theoretical status of lifetimes of high frequency phonons is also discussed.
Introduction.-In recent years several experimental methods have been applied to study the transport of phonons in the thermal frequency range. Among methods which have been used include: broad band heat pulsel methods' quasimonochromatic phonon generation and detection using superconducting tunnel junctions2; far infra red laser excitation of piezoelectric materials3; resonant detection using electronic energ3 states of defects4 in crystals which can in some cases be tuned by magnetic field or uniaxail stress6; and phonon generation during hot carrier relaxation and recombination in semiconductors7.
The heat pulse and tunnel junct o methods and results obtained from them have been extensively reviewed in the past ' ". In this paper we will concentrate mainly on energy transport by very high frequency phonons (near or above 1 THz) as studied by optical techniques using electronic states (Al203: Cr or SrF2: E$+) as probes or phonon generation during carrier relaxation in semiconductors.
Phonon S ectrosco In Rub .-Extensive workay4 has been done on phonon transport using moEochromat!; detectzon of 29 cm-1 (0.87 THz) phonons in ruby. The frequency of 0.87 THz corresponds to the -+ 27i splitting of the cr3+ ion in ruby. Broad band optical pumping causes the well-known R1 and R2 fluorescence radiation to be RIYPLIT*T emitted (see Figure 1 ) . Phonons generated by external means can cause an increase in the 2B population which in turn can be monitored through the intensity of the R2 line. This NEATER technique has been extensivelys used to study the spectrum of heat pulse phonons; the resonant trapping of 29 cm-I phonons; r*aw LEYrLl and the spectrum of optically excited phonons. Using resonant light pumping stimulated emission9 of 29 cm-1 phonons has also been observed. Phonon Detection Using Vibronic Sidebands.-The technique of vibronic sideband spectroscopy utilizes the modulation of the electronic states of ions in crystals by phonons. Figure 2 shows the effect on the electronic energy due to the lattice coupling as a function of the lattice coordinate, Q. Since optical transitions occur at constant Q a large stokes shift can take place in the luminescence spectrum Depending on the coupling strength and the temperature the emissio~l spectrum can consist of a 'zero phonon' line plus "stokes" and "anti-stokes" sidebands. The intensity of the anti-stokes sideband can be used for phonon detection. Considerable work on phonon transport has been done along these lines using the N3 center in A survey of the results on the lifetime of high frequency phonons determined by these optical techniques has been recently given by ~ronl3. In almost all cases the lifetimes determined by these optical techniques are an average over all modes and direction. This is because of elastic scattering at the impurities which causes rapid mode conversion between the longitudinal (L) and transverse (T) phonons. Because of the expected long lifetime of T phonons the anharmonic decay is dominated by that of the decay rate of L phonons. The measured values are generally much longer than that calculated for an ideal dispersionless solid. We will return to this point later. We, however, will first discuss the propagation of very large wave vector T phonons in GaAs and then, turn to the theoretical situation.
Phonon Transport in Semiconductors.-We now discuss the role of phonons in nonradiative energy relaxation and recombination processes in semiconductors. Electrons excited high into the conduction band lose their energy to the lattice in a two step process. See Figure 3 . The electrons first "cool" to the bottom of the band by emittine relaxation phonons which are primarily longitudinal optic (LO) phonons in the case of polar semiconductors such as GaAs and for excitation energies several Semiconductors. Figure 4 shows some results on phonon generation7 after photoexcitation in GaAs. A tunable, pulsed dye laser capable of operating at wavelengths above the band gap of GaAs was used for the photoexcitation. The phonon detector was a Pb-oxidePb superconducting tunnel junction with a threshold in frequency of about 0.7 THz. In most directions of propagation, which could be varied in situ in the experiment, besides the Pig. 4 -Phonon Generatton in GaAs. d i r e c t o p t i c a l luminescent pickup a t t = 0 a s i n g l e broad transverse pulse was observed. The a r r i v a l time of t h e leading edge, half height and peak of t h e pulse was shown t o s c a l e l i n e a r l y with t h e propagation d i s t a n c e f o r d i s t a n c e s of t h e order of nun. Detailed s t u d i e s of t h e shape of t h e pulse showed t h a t i t could be described a s consisting of b a l l i s t i c propagation of phonons but with a considerable spread i n v e l o c i t y . The v e l o c i t y corresponding t o t h e peak of t h e pulse was f o r example % 0 . 7~1 0 5 cmlsec f o r t h e [ I l l ] d i r e c t i o n of propagation. The low frequency b a l l i st i c v e l o c i t y i n t h i s d i r e c t i o n i s , however, 2 . 8~1 0 5 cm/sec.
These d a t a can be i n t e r p r e t e d from a knowledge of t h e phonon dispersion curves. For GaAs such a curve i s shown i n Figure 5 . Optically excited e-h p a i r s l o s e a s u b s t a n t i a l p o r t i o n of t h e i r energy by the emission of LO phonons. These phonons i n t u r n quickly decay ( i n times of t h e order of 10-l1 sec) i n t o lower l y i n g LA and TA branches. Because t h e decay processes r e q u i r e t h e simultaneous conservation of energy and momentum most of t h e energy ends up i n t h e lowest TA branch. These u l t r a s h o r t wavelength phonons (wavelength ' l . 10 An~stroms) correspond t o phonons u~~a r s m INX w e l l out i n t o t h e B r i l l o u i n zone of the c r y s t a l and have a group v e l o c i t y much l e s s than t h e low frequency u l t r a s o n i c v e l o c i t y . The cross-hatched a r e a shows t h e regime of superconducting tunnel junction phonon spectroscopy.
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in GaAs' vector phonons, some of whom a r e a b l e t o propagate macroscopic d i s t a n c e s (% mu) through t h e semiconductor. The theory. Because of t h e g r e a t d e a l of -UMVEC~R i l ( /~-~ dispersion i n phonon v e l o c i t y a t s h o r t wavelengths and t h e observed long mean f r e e path, t i n e resolved spectroscopy has been used t o v e l o c i t y s e l e c t ~h o n o n s l 4 of d i f f e r e n t wavelengths. This v e l o c i t y s e l e c t i o n i s achieved by scanning t h e photoexcited region along t h e d i r e c t i o n of phonon propagation a t various v e l o c i t i e s corresponding t o d i f f e r e n t d i s p e r s i v e p o i n t s on t h e phonon branch. See Figure 6 . This f i g u r e shows t y p i c a l pulses f o r t h r e e d i f f e r e n t scanning v e l o c i t i e s . The peak of t h e pulse now corresponds t o a w e l l defined wavelength which can be conveniently tuned by simply a l t e r i n g t h e l a s e r scanning speed. Such a tunable phonon source i s of g r e a t p o t e n t i a l use f o r physical s t u d i e s of s o l i d s and f o r phonon o p t i c s . 
p r o p e r t i e s of such u l t r a s h o r t wavelength phonons a r e q u i t e d i f f e r e n t from t h a t of low frequency ones which correspond t o continuum e l a s t i c i t y
Theoretical Considerations.-In perfect dielectric crystals the lifetime for anharmonic decay is detei-mined by energy-momentum conservation conditionsl5. These considerationsl6 show that for both normal (N) and Umklapp (U) processes the lowest transverse acoustic branch cannot spontaneously decay by anharmonic processes for any order. The phase space for decay for higher branches in crystals with anisotropy and dispersion has to be calculated from the 2-phonon density of states for the particular solid in question. Barring extreme anisotropy in most solids this phase space, for even the higher transverse branches, is expected to be small. Thus the main decay channel is expected to be the spontaneous decay of L phonons. The momentum randomization of the transverse phonons will in ordinary crystals be affected by isotope and/or impurity scattering. Even the isotope scattering has to be calculatedl6, 17 with care for diatomic crystals such as GaAs which have one element (As) isotopically pure. The isotope scattering is now strongly dependent on the amplitude (U) of vibration of the impure element (Ga) which in turn strongly depends on wavelength. This scattering goes as IuGaI2 times a wei hted density of final states which also depends on the Ga amplitude. Numerical co~putationsl' using the real vibrational spectrum of GaAs indicate that this product can be considerably smaller than that calculated from the usual Klemen's formula valid for the monoatomic case.
The above theoretical considerations combined with the experimental results strongly suggest that in many crystals energy transport can occur via extremely short wavelength phonons whose energy relaxation time can, in favorable cases, be nicroseconds long. Thus "broad diffusive" pulses often observed in heat pulse type experiments may consist mainly of high frequency components which can play an important role in energy transport. These high frequency phonons, then, will only down convert in frequency at imperfect interfaces (surfaces) or through decay of L nodes generated through impurity scattering.
Future Directions.-It is clear that much has been learned about the lifetimes and energy transport by high frequency phonons in several dielectric solids and semiconductors. Much, however, still needs to be done on both the experimental and theoretical sides of the problems of anharmonic decay, impurity scattering and the role of surfaces and interfaces. In sitc exploration of phonon transport by generally applicable scattering techniques would be of great value. Non equilibrium phonon populations can in principle be probed by enhanced thermal diffuse scattering of X-rays. Preliminary experiments18 in GaAs, reveal that optically excited phonons near the zone-boundary indeed have a long lifetime when measured by this technique and that their decay is enhanced by imperfect surfaces. This technique is capable of probing the temporal, spatial and frequency characteristics of non-equilibrium phonon populations. With the expected availability of powerful synchotron sources this should become an extremely useful tool for phonon transport studies in solids. Tunable far IR lasers can also be valuable in probing specific decay channels for high frequency phonons . Such experiments have only recently19 been attempted.
Further effort also needs to be expended in proper numerical calculations of phonon decay processes (anharmonic and isotope) taking into account the real vibrational spectrum of the solid.
